Abstract. In this study, we investigated the in vitro characteristics of mefenamic acid (MA) microparticles as well as their effects on DNA damage. MA-loaded chitosan and alginate beads were prepared by the ionotropic gelation process. Microsponges containing MA and Eudragit RS 100 were prepared by quasiemulsion solvent diffusion method. The microparticles were characterized in terms of particle size, surface morphology, encapsulation efficiency, and in vitro release profiles. Most of the formulation variables manifested an influence on the physical characteristics of the microparticles at varying degrees. We also studied the effects of MA, MA-loaded microparticles, and three different polymers on rat brain cortex DNA damage. Our results showed that DNA damage was higher in MA-loaded Eudragit microsponges than MA-loaded biodegradable chitosan or alginate microparticles.
INTRODUCTION

Mefenamic acid (MA) [(2-[(2,3-dimethylphenyl)amino]
benzoic acid], an anthranilic acid derivative, is a nonsteroidal anti-inflammatory (NSAI), antipyretic, and analgesic agent that is used for the relief of postoperative and traumatic inflammation and swelling, antiphlogistic and analgesic treatment of rheumatoid arthritis, and antipyretic in acute respiratory tract infection (1) (Fig. 1) . Recently, it has been reported that MA could be used as a therapeutic agent in Alzheimer's disease since it improves learning and memory impairment in an amyloid β peptide (Aβ1-42)-infused Alzheimer's disease rat model (2) .
Similar to other drugs of this group, MA has a wide spectrum of gastrointestinal disorders (3, 4) . Sustained release MA microspheres (5, 6) , MA matrix tablets (7, 8) , and controlled release MA-loaded alginate beads (9) have been reported in the literature. MA is classified as class II on the basis of the biopharmaceutical classification system (10, 11) because of its poor solubility over the pH range 1.2-7.5 [solubility=0.2 μg/mL (pH 1.2), 0.12 mg/mL (pH 7.5)] (12, 13) and high permeability in Caco-2 cell model (13) . The usual oral dose is 250 or 500 mg, being administered three times daily (3, 8) . However, no commercially long-acting product exists in the market. The short biological half-life of 2 h following oral dosing necessitates frequent administration of the drug in order to maintain the desired steady state levels (3) . The formulation of MA as a modified release dosage form of Eudragit microsponges seems to be an alternative approach to overcome the potential problems in the gastrointestinal tract, as it reduces the adverse effects of nonsteroidal anti-inflammatory drugs (NSAIDs) (14, 15) .
NSAIDs are widely used therapeutic agents that have antiinflammatory, analgesic, and antipyretic activities. NSAIDs are involved in the suppression of prostaglandin synthesis by inhibiting cyclooxygenases, enzymes that catalyze the formation of prostaglandin precursors from arachidonic acid. It has been reported that inflammatory processes are associated with the pathophysiology of Alzheimer's disease and that treatment with NSAIDs reduces the risk of Alzheimer's disease (16) .
Epidemiological observations indicate that long-term treatment of patients suffering from rheumatoid arthritis with NSAIDs results in reduced risk and delayed onset of Alzheimer's disease. Kainic acid (KA) is a glutamate agonist with relative selectivity for the N-methyl-D-aspartate (NMDA) receptors in the brain. It is an excitatory neurotoxic substance and stimulates NMDA receptors that results in transmembrane ion imbalance, especially causing calcium influx, which in turn stimulates reactive oxygen species (ROS) such as H 2 O 2 , superoxide anion (
, and hydroxyl radical ( · OH) (17, 18) . The present study demonstrates, for the first time, the potential effect of MA microparticles and the polymers used in their formulations on DNA damage induced by KA as well as in vitro release of MA microparticles prepared by three different polymers.
We aimed to prepare modified release MA microsponges with Eudragit RS 100 polymer by using quasi-emulsion solvent diffusion (QESD) method (19) (20) (21) (22) (23) (24) . Microsponges are porous, polymeric microspheres that are used mostly for topical (25) (26) (27) (28) and, recently, for oral administration (23, 24, 29) . On the other hand, MA microparticles were prepared by using biodegradable and biocompatible chitosan and alginate polymers by ionotropic gelation method (9, (30) (31) (32) .
Eudragit RS 100 is referred to as ammoniomethacrylate copolymer and was used to prepare modified release microsponges. Eudragit RS 100, an acrylic resin, is a copolymer of acrylic and methacrylic acid esters with a low content of quaternary ammonium groups. Since Eudragit RS 100 films are only slightly permeable, drug release through the films is markedly retarded (33) .
The use of natural polymers in the design of drug delivery formulation has received much attention due to their excellent biocompatibility and biodegradability (34) . Among them, alginate and chitosan are very promising and have been widely exploited in the pharmaceutical industry for controlled drug release (35, 36) . Alginate and chitosan are biocompatible, biodegradable, and nontoxic in systemic administration. Alginate is a natural polyacid and has a unique property of gel formation in the presence of multivalent cations such as calcium ions in aqueous media, which takes place mainly at junctions in the G-G sequence-rich chain region known as the "egg box junctions." Chitosan, ([1-4] 2-amino-2-deoxy-β-D-glucan) is a naturally occurring polysaccharide comprising glucoamine and N-acetyl-glucoamine with unique polycation characteristics. Chitosan and alginate have been used in the pharmaceutical industry for their potential use in controlled drug delivery systems (37, 38) .
Drug delivery to the brain poses a major challenge due to the blood-brain barrier (BBB). The BBB, formed by brain vessel endothelial cells linked together by tight junctions, restricts the transfer of most drug substances from the bloodstream into the brain. Colloidal drug carriers such as liposomes or nanoparticles have been used to overcome this barrier (39) .
Pure MA is able to cross the BBB and to diffuse into the brain tissue (40, 41) whereas the MA microparticles that we prepared cannot cross through the BBB because of its higher molecular weight compared to pure MA.
One of the objectives of this study was to extend data related to MA microparticles and to prepare three different formulations of MA microparticles by using the polymers of different characteristics (Eudragit RS 100, chitosan and alginate polymers). We also aimed to prepare and determine in vitro characteristics and to assess the effects of MA microparticles and polymers used in their formulations on rat brain cortex DNA damage by KA, rather than its administration, which requires other methodologies.
MATERIALS AND METHODS
Materials
MA was obtained from Eczacıbaşı Pharmaceuticals Company (İstanbul, Turkey). Sodium alginate (M/G=62/38) was obtained from Sigma (USA). Eudragit RS 100 (Röhm Pharma, Germany) and Chitosan CL 213 (84% deacetylation, MW 272,000, FMC Biopolymer) were used. Triethyl citrate (TEC) was obtained by Jungbunzlauer Ladenburg. Dichloromethane (DCM) and potassium dihydrogen phosphate were purchased from Merck (Darmstadt, Germany). Sodium hydroxide was obtained from Sigma (USA). Polyvinyl alcohol (PVA; MW 14,000) was supplied by Celanese (Germany).
Other substances used were all of pharmaceutical grade.
Methods
Preparation of MA Microparticles
Microsponges containing MA and Eudragit RS 100 were prepared by QESD method. In this study, we prepared MA microsponges with modification. Distilled water and PVA were used as external phase. The internal phase consisted of MA, Eudragit RS, DCM, ethyl alcohol, and TEC which was added in order to facilitate the plasticity. The amounts of polymer and TEC were kept constant and the solvent amount was 10 mL. Different ratios of drug to Eudragit RS 100 (3:1, 5:1, 7:1, 9:1) were employed to determine the effects of drug/ polymer ratio on the physical characteristics and dissolution properties of microsponges (Table I ). The amounts of three different external phases were chosen. Microsponges were produced with a mixing speed of 350 rpm. After adding internal phase to external phase, the mixture was continuously stirred for 2 h. Then, the mixture was filtered to separate the microsponges. The product was washed and dried at room temperature for 24 h.
Preparation of MA-loaded alginate microparticles was based on the ionotropic gelation process previously described (Table II) (9) . MA-loaded chitosan microbeads were prepared according to the method of Bodmeier et al. (30) . As can be seen in Table III , solution of chitosan (3% w/w) in dilute acetic acid (1% v/v) was dropped through a disposable syringe onto a gentle agitated thiamine pyrophosphate (TPP) solution (100 mL). The formed chitosan beads were separated after 1 h by filtration (Whatman grade 114) and washed with distilled water repeatedly. The microbeads were dried by air drying. Microparticle Characterization
Scanning Electron Microscopy Studies
The shape and surface characteristics of the microparticles were observed by a scanning electron microscope (Jeol JSM-6400, Japan). Samples were dusted onto doublesided tape on an aluminum stub. The stubs were then coated with gold using a cool sputter coater (Polaron E 5100) to a thickness of 250 Å.
Particle Size Determination
Sympatec Helos (HO 728; Sympatec) particle size analysis with a small sample dispersion unit was used to determine particle size and distribution.
Determination of Encapsulation Efficiency and Production Yield of MA Microparticles
The drug encapsulation efficiency was determined using the following equation:
where AQ and TQ are the actual and theoretical quantity of the drug present in the MA microparticles, respectively. The microparticles were broken in pH 7.4 phosphate buffer initially, and then drug was extracted with DCM. The residue was dissolved in 5 mL methanol after evaporation of organic phase and assayed spectrophotometrically at 285 nm. The determinations were done in triplicate.
The production yield of the microparticles was determined by calculating accurately the initial weight of the raw materials and the last weight of the microparticles obtained.
In Vitro Release Studies of MA Microparticles
Dissolution studies of MA microparticles were carried out by using USP XXV paddle method at 37±0.5°C (PharmaTest PTWII dissolution apparatus) under sink conditions. The MA powder (<100 mesh) or microparticles (equivalent to 20 mg MA) were placed into 400 mL of a dissolution medium (pH 7.4 phosphate buffer) and rotated at 50 rpm. At preset time intervals, aliquots were withdrawn and replaced by an equal volume of fresh dissolution medium to maintain constant volume. After suitable dilution, the samples were analyzed spectrophotometrically at 285 nm (Shimadzu UV-1208). All experiments were repeated three times.
The mathematical models, first-order (diss (%)=100
equations were fitted to individual dissolution data with linear regression by SPSS 9.0 for Windows (Tables IV and V) (42) (43) (44) .
In Situ Studies
Determination of DNA Damage. Adult Sprague-Dawley rats weighing 300-350 g were used for the present study. All animals were maintained on a 12:12-h dark-light cycle with free access to chow and water. The protocol for the experiment was approved by the Appropriate Animal Care Committee of Ege University. Rats were decapitated, the brains removed, and the cortex samples dissected on ice. DNA was extracted from the brain cortex using Trizol reagent (Gibco BRL Life Technologies) based on phenol-chloroform precipitation. The concentration of DNA was determined by measuring the absorbance at A260. Purity of DNA was also checked by the ratio of absorbance at A260/A280. Ten percent of tissue homogenates were prepared using ice-cold HEPES buffer (40 mM, pH 7.0). The homogenate (80 μL) in 40 mM HEPES buffer was incubated with kainate (1 mM) in the presence of rat cortex DNA (5 μg) with or without MA (1 mM), MA microsponge, and polymer at 37°C for 90 min. The final volume was 100 μL. After incubation, reaction was stopped with 5 μL of 0.25% bromophenol blue. The mixtures were centrifuged at 9,000×g for 15 min and supernatants were used for agarose gel analysis.
Agarose gel electrophoresis was performed with conditions at 75 V on 1.2% agarose in Tris-acetate-EDTA buffer system for 90 min. Following electrophoresis, gel was stained with ethidium bromide irradiated from below with a UV transilluminator box and photographed. DNA damage was quantified from gel photographs using the Biocapt software (Vilber Lourmat, France).
Statistical Analysis
The mean values±standard deviations (SD) of at least three independent experiments in all cases were analyzed using SPSS for Windows (Version 12.0). Differences between groups were analyzed by one-way analysis of variance.
RESULTS AND DISCUSSION
Characterization of MA Microparticles
The mean particle size of 12 formulations (F1-F12) of Eudragit microsponges were between 0.407±0.1 and 0.593± 0.1 mm (mean±confidence interval t 95% ).
In this study, the morphology of the Eudragit microsponges prepared by QESD method was investigated by scanning electron microscopy (SEM). The scanning electron photograph of the microsponges is shown in Fig. 2 . It was observed by SEM analysis that the microsponges were finely spherical and uniform. Microscopy studies showed that MA microsponges contained pores. These findings are similar to the results reported previously (23, 24, 27) .
The mean particle size of alginate formulations (A1-A12) were between 0.997±0.1 and 1.436±0.2 mm (mean±confidence interval t 95% ). The composition of each MA-loaded alginate microparticle formulation prepared is given Table II. The surface photographs of MA-alginate microparticles were shown in our previous study (9) . The alginate microparticles prepared were found to be discrete and spherical (Fig. 3) . When the alginate microparticles were prepared by using 0.7 M CaCl 2 solution (high concentration) as a cross-linking agent, cracks and fissures were observed on the surface of the microparticles. Fig. 4 . Scanning electron photograph of the MA-loaded chitosan microparticle formulation coded C5 Fig. 5 . The release profiles of Eudragit microparticles prepared by using 30 mL external phase. Error bars represent 95% confidence intervals (n=3) Fig. 6 . The release profiles of Eudragit microparticles prepared by using 60 mL external phase. Error bars represent 95% confidence intervals (n=3)
The mean particle size of chitosan formulations (C1-C6) were between 0.497±0.1 and 0.753±0.2 mm (mean±confidence interval t 95% ). The composition of each MA-loaded chitosan microparticle formulation prepared is given Table III. The surface photograph of MA-loaded chitosan microbeads is illustrated in Fig. 4 . The SEM photographs exhibited that the shape of these microbeads was not completely spherical and porous. Some researchers reported that the matrix structure depended on the method of drying (30) . In this study, the shape of the microbeads in wet state was very spherical and, even after air drying, the beads shrank and had a porous surface.
Encapsulation Efficiency and In Vitro Release of MA Microparticles
The production yield was between 73.2% and 79.3% for 12 Eudragit microsponges (formulations coded F1-F12). The actual drug content of microsponges, expressed as a percentage of the amount of MA entrapped in the microsponges, varied between 66.7% and 73.4% for 12 Eudragit microsponges. The encapsulation efficiency was found high in all formulations since it exceeded 90%.
The release profiles of Eudragit microsponges are shown in Figs. 5, 6, and 7. The microsponges prepared from 90 mL external phase gave rise to a better modified release up to 12 h when compared to the ones prepared with either 30 or 60 mL. On the other hand, MA release rates from Eudragit microsponges with 7:1 and 9:1 drug/polymer ratios were slow whereas release rates from Eudragit microsponges with 3:1 and 5:1 drug/polymer ratios were faster. The present study showed that, generally, an increase in the ratio of drug/ polymer resulted in a reduction in release of MA from Eudragit microsponges (Figs. 5, 6, and 7) . Previously published data have shown similar findings (27) .
This study shows that both drug/polymer ratio and external phase volume have important effects on drug release of MA-loaded Eudragit microsponges.
According to our kinetic evaluations, the suitable formulations were found as formulation codes F11 and F12 (containing 90 mL external phase and 7:1 or 9:1 drug/polymer ratios) and their release profiles fitted into Weibull distribution (44) (Tables IV and V) . When the release kinetics of Eudragit microsponges (formulations coded F11 and F12) were investigated, it was seen that the drug release from all microsponges was found to follow Weibull distribution, as shown in Tables IVand V. The in vitro release profiles of MA from alginate beads are shown in Figs. 8 and 9 . Ninety-seven percent of MA is released from the alginate bead formulation (formulation coded A10) into the phosphate buffer (pH 7.4) dissolution medium during the 9 h. According to kinetic evaluations, the zero order kinetic model provides a better fit to the release data for optimum formulation coded A10 (9) .
The yield of MA-loaded alginate beads ranged from 71% to 89% and the encapsulation efficiency was determined between 79.3% and 98.9%. The encapsulation efficiency of all formulations was high due to water-insoluble properties of MA (45) . The percent drug loading of 12 alginate bead formulations(A1-A12) ranged between 49.7±1.3 and 57.3± 1.7(mean±confidence interval t 95% ) while the actual drug content varied between 5 and 5.7 mg in a 10-mg bead sample. The high CaCl 2 concentration causes rapid release of MA from matrices due to the performed cracks and fissures previously reported in our study (9) . A suitable controlled release dosage form of MAalginate microparticles can be prepared with formulation A10 according to the optimization of the process using 3×2 2 factorial design. The experimental parameters of formulation A10 are 2:1 drug to polymer ratio, 0.2 M CaCl 2 solution as cross-linking agent, and a 12-h curing time. Entrapment efficiency and drug release (t 50% ) value of formulation A10 are 98.58% and 5.22 h, respectively (9) .
A fairly high yield (69-77%) of MA-loaded chitosan microbeads was obtained. Their encapsulation efficiencies were in the range of 67.9-74.7%. The percent drug loading of microbead formulations (C1-C6) ranged between 29.7±1.1 and 39.3±1.3 (mean±confidence interval t 95% ) while the actual drug content varied between 3 and 4 mg in a 10-mg microbead sample.
In the present investigation, chitosan microbeads containing MA were prepared by dropping drug containing chitosan solutions into tripolyphosphate solutions. The interaction of the positively charged chitosan molecules with the anionic counterion, tripolyphosphate, caused the formation of gelled spheres. In vitro release profiles of MA from chitosan microbeads are shown in Fig. 10 .
Drug to polymer ratios and TPP concentrations were investigated as preparative variables. Due to the ionic nature of the cross-linking, the charge density of chitosan, the drug to polymer ratio, and TPP under preparation conditions would be expected to affect bead formation.
Chitosan microbeads were prepared in the ratios of 1:1, 2:1, and 3:1 (drug/polymer). The most convenient ratio was found to be 3:1 as this formulation exhibited a prolonged release up to 5.5 h. A small variation from the TPP concentration in the gelling medium did not markedly affect the encapsulation efficiency. The drug release varied insignificantly with increasing TPP concentrations. Previously published data have shown similar findings (32) .
As seen in Figs. 7, 8, and 10 and Tables I, II, III, IV , and V, the release and kinetic evaluations of the individual formulations on the basis of kinetics for releasing MA showed that the C5 (5 h, 63.4%), A10 (9 h, 97%), and F11 (12 h, 73.9%) among the chitosan, alginate, and Eudragit micropar- ticle formulations, respectively, gave rise to the most convenient parameters. We, therefore, propose the alginate microparticles better drug carrier as it fitted almost zero order kinetics. Kinetic data obtained from in vitro dissolution tests were analyzed according to different mathematical models. After fitting these models, the selection was based on the comparison of higher determination coefficients and smaller mean square (Tables IV and V) . Higher determination coefficients and lower residual mean square data were obtained from Weibull distribution with its parameters describing the types of dissolution profiles and dissolution time. The shaper parameter β characterizes the profile as either exponential (β=1), s-shaped with upward curvature followed by a turning point (β> 1), or as one with steeper initial slope than consistent with the exponential (β<1). All β values were less than 1. The time parameter, T d , represents the time interval necessary to dissolve 63.2% of the drug substance (44) . The time parameters of formulations coded F11 and F12 was found as 563.3 and 579.7 min, respectively. According to kinetic evaluations, the Weibull kinetic model provides a better fit to the release data for F11 and F12 microparticle formulations.
In Situ Studies Figure 11a , b shows the effect of MA, MA microsponges, and Eudragit polymer used in MA microsponge preparations on the rat cortex brain DNA damage. According to our comparative results, DNA damage was observed as the degradation of DNA in all experimental samples treated with MA microsponges, Eudragit, and KA. However, the levels of DNA damage were significantly high in MA microsponges with Eudragit or Eudragit only when compared with untreated control and MA only (p<0.05). Our results clearly showed that MA only treatment has no effect on damage DNA. MA+ KA treatment also caused DNA damage but this effect was nonsignificant when compared with untreated control, MA (3 mg) only, MA-loaded Eudragit microsponges (equivalent to 3 mg MA), and Eudragit polymer only. Therefore, it can be suggested that Eudragit RS, as an acrylic polymer used in the preparations of MA microsponges, has relatively harmful effect on rat brain cortex DNA. Figure 12a , b shows the effect of MA, MA microparticles, and alginate and chitosan polymers used in MA microparticle formulations on the rat cortex brain DNA damage. Our results indicate that DNA damage was significantly low in MA microparticles with alginate only treatment when compared with KA only (p<0.05). Similarly, the levels of DNA damage were significantly decreased in KA+MA with alginate treatment when compared to MA-loaded (equivalent to 3 mg MA) chitosan microparticles (p<0.05), or KA+MA microparticles with chitosan (p<0.05). Accordingly, it can be assumed that chitosan polymer is more harmful for DNA than alginate polymer, and this polymer may limit the protective effect of MA in a microparticle formulation on DNA damage.
Taken together, the present study reveals the preparation and in vitro characteristics of MA-loaded biodegradable alginate or chitosan microparticle formulations as well as modified release of MA microsponges with acrylic polymer, Eudragit RS 100. Our results showed that alginate microparticles gave rise to a diminished DNA damage when compared to chitosan and Eudragit RS 100. However, because of the inability of MA microparticles to cross the BBB, our formulation system can be modified to yield MA microparticles or nanoparticles to be used in optimal delivery systems. Altogether, these works address an important foundation for the future studies into improving devices for brain drug delivery.
